On the reconstructed Au(111) surface, atoms on the surface layer occupy both the hcp and the fcc sites. Using first-principles calculations to obtain the surface energies of the system with the top Au layer occupying the fcc, hcp, top, and bridge sites, we found that the hcp site is only 1 mRy per surface atom higher in energy than the fcc site. The complex Au(111) reconstruction is then discussed with use of a two-dimensional Frenkel-Kontorowa model. We calculated the surface band structure of the Au(111) surface along high-symmetry lines in the surface Brillouin zone, with the top layer occupying the fcc, hcp, and bridge sites. We found that the surface electronic structure is almost independent of the position of the top layer.
I. INTRODUCTION
Clean metal surfaces may have a structure that is not a simple termination of the bulk. This phenomenon, called reconstruction, is seen in all the low-index surfaces of Au. ' The (100) surface exhibits a c (26X68) pattern, the (110) ' proposed a model of a (p X +3) structure with p =21-22, with a surface layer contraction in one of the three equivalent [110] directions. High-resolution transmission electron diffraction experiments conducted by Takayanagi and Yagi suggested that the compression is not uniform, but is localized in two transition regions where the stacking changes abruptly from ABC to ABA. Harten, Lahee, and Toennies studied this reconstruction with heliumatom diffractions.
Their experiment gave more information about the ABC and AB A stacking, and the boundary regions between the two of them. They interpreted the diffraction pattern as a manifestation of a onedimensional sine-Gordon solitonlike misfit structure. However, in the same experiment, they showed that the width of the regions with ABA and ABC stacking are not equal. A single sine-Gordon model assumes equally spaced solitons, and so cannot describe two regions with different widths. El-Batanouny et al. proposed a double sine-Gordon model that allows for the existence of ABC and AB A stacking with different domain sizes.
In most of these models both the hexagonal-closepacked (hcp) sites and the face-centered-cubic sites are occupied by the surface atoms. Experimentally, this has been shown in scanning tunneling microscopy (STM) experiments.
A necessary condition for this to happen is that the fcc and hcp sites have very similar energies for top-layer Au atoms. Using first-principles total-energy calculations, we show that the two sites differ in energy by only 1 mRy per surface atom. Another necessary condition for the Au(111) This is a small number compared with the energy difference with the top site (14 mRy for the fcc site and 13 mRy for the hcp site). This fact allows a gradual shift of the atoms from the fcc to the hcp stacking through the bridge site B, and a contraction of the surface layer along the [110] direction. The very-high-potential energy at the top site makes the contraction of the lattice in the
[112] direction very unfavorable in energy. Hence, it is rather natural that the reconstruction observed is uniaxial rather than a uniform contraction.
In Table II 
l, j where R; =(x;, y; ) is the position of the ith surface atom.
The first term describes the interaction of the top Au atoms under the inAuence of the substrate, and this is the term that favors the contraction of the surface. Since the relative energy differences in occupying different positions with respect to the underlying layers are taken care of by the second term in Eq. (3), the first term can be deduced from the energetics of a monolayer on top of a smooth surface that mimics the average effect of the substrate. We obtain this interlayer interaction from our previous calculations of the energetics of a Au monolayer on top of a uniform background.
In these calculations we put a layer of Au atoms on a jellium surface, with the jellium density determined by the electron density of Au midway between two nearest neighbors. The distance of the monolayer from the jellium edge was determined by energy minimization, and the energy of the jellium slab was subtracted so our final energy describes the atomic interactions within the surface layer in the background of a decaying electron sea. The function e(R; -R. ) is plotted in Fig. 3(a) , where we also mark the interatomic distance on an unreconstructed surface. It is clear from the figure that as far as the intralayer interaction is concerned (under the average effect of the substrate), the top layer would prefer to contract to a higher surface density arrangement.
The second term in Eq. (3) is the potential imposed on the top layer of the Au atoms by the underlying layers, and it is described in Eq. (2), with all the parameters (V",V~, etc.) coming from our first-principles calculations. We note that E(x,y), as formulated in Eq. (2), does not describe the total interaction potential energy of the top Au layer with the substrate, but rather the relative energy change as the atoms in the top layer change from one site to another. In Fig. 3(b) , this relative potential energy per surface atom, E(x,y), is plotted as a function of the position. The x axis and the y axis are chosen to be the [110] Fig. (4) Fig. 4 shows that the surface layer does not contract to form a uniformly contracted hexagonal layer, but rather, the surface atoms contract along the [110] direction. In fact, we may view an ideal (111)surface as composed of linear rows of atoms in the [110] direction, and the reconstruction causes each [110] row of atoms to distort into a sinusoidal-like pattern, lying above and sandwiched by two rows of atoms in the second layer. The lattice constant in the [110] direction is reduced by 5.0%, close to the experimentally observed 4.3% contraction. With this contraction our unit cell is a (20 X &3) superlattice.
Both the fcc and the hcp sites are occupied and the reconstructed pattern reflects a gradual shift from one site to another. This is a consequence of the fact that the fcc and hcp sites have almost the same energy of occupation and the bridge site (midway between fcc and hcp sites) is only slightly higher in energy (see Table I and Fig. 3 ) so that the system finds it easier to contract along a [110] large enough to simulate the reconstruction in the local scale, but larger sample sizes will be needed to observe domain structures, and algorithms like simulated annealing should be preferred over the steepest decent method used in the present calculation.
Data from He scattering and STM experiments indicated that there are more surface atoms in fcc ( ABC) stacking than in hcp ( ABA) stacking. This is consistent with the fact that the calculated energy is lower for the fcc than the hcp sites. However, different experimental techniques did not seem to agree on the exact ratio between the size of the regions with fcc and hcp stacking. This discrepancy can be partly attributed to the different assumptions used in the analysis of the experimental data. Even for a direct real-space imaging technique like STM, the image is a convolution of topological and electronic information.
It is interesting to display the reconstruction pattern from our simulation in greater detail. In Fig. 5 
